This paper experimentally investigates the relationship between the operating temperature and the power handling capability (PHC) of a coplanar waveguide (CPW) high-temperature superconducting (HTS) dual-band bandpass filter (DBPF) using a YBCO thin film deposited on a MgO substrate. The PHC is evaluated based on the intermodulation distortion of the HTS-DBPF. Experimental results show that the PHC does not change depending on how signals are input to the passbands of the HTS-DBPF at 50 K, 60 K, and 70 K, which leads to a straightforward design of mobile communication systems.
Introduction
In future mobile communication systems, broadband transmission technologies will be required to satisfy the ever-increasing demand for high-capacity data transmission capabilities. However, it is difficult to reserve a broad frequency band for future mobile communication systems. Inter-band carrier aggregation (CA) is a broadband transmission technology that aggregates two or more carriers assigned to different frequency bands [1] . An RF filter with multiple passbands, i.e., a multiband bandpass filter (MBPF), is a basic element that is expected to achieve broadband transmission such as inter-band CA by using separated frequency bands. As a key device for supporting broadband transmission, the MBPF is required to have high performance such as sharp-skirt characteristics at the band-edges and a high degree of attenuation in the stopbands with low insertion losses in the passbands, which is noteworthy when a wireless system with high transmitter power is assigned to the frequency band between the two passbands of the MBPF. Applying a high temperature superconducting (HTS) technology to the MBPF is effective in satisfying these requirements, as reported in [2] - [4] .
From a practical application standpoint, it is important for the HTS-MBPFs that their center frequencies and bandwidths (BWs) be designed flexibly because each separated frequency band has a different bandwidth and that they have an invariant power handling capability (PHC) that is independent of how signals are input to the passbands of the HTS-MBPFs. The PHC of the HTS-MBPFs should also be clarified in terms of operating temperature fluctuation caused by, for example, degradation of cooling equipment due to age.
As the first step in configuring an HTS-MTBF, an HTS dual-band bandpass filter (DBPF) was proposed using a coplanar waveguide (CPW) quarter wavelength (λ/4) resonator with odd-and evenmode frequencies [5] - [7] . References [5] - [7] show the design flexibility for each center frequency and each bandwidth of the HTS-DBPF. Reference [8] introduces intermodulation distortion (IMD) characteristics of the HTS-DBPF at 60 K when lower band and upper band signals are individually and simultaneously input to each passband. The experimental results indicate that the PHC of the HTS-DBPF does not change depending on how signals are input to the passbands of the HTS-DBPF at 60 K.
This paper experimentally investigates the IMD characteristics of the HTS-DBPF when signals are input into a passband and when signals are input into two passbands in order to show the PHC of the HTS-DBPF depending on the operating temperature. Experimental results show that the HTS-DBPF can handle a constant input signal power for the lower band of the two passband regardless of whether or not other signals are input into the upper band independent of the operating temperature. This means that using the HTS-DBPF is advantageous in that there is no need for replacement or redesign of the filter depending on the intended use. frequency for the lower passband of the two passbands, and the other is the even-mode frequency for the upper passband (hereinafter referred to as a dual-band resonator (DBR)). These two resonant modes have different current flows (denoted by i odd and i even for the odd and even modes, respectively) on the short stub (denoted by d). This suggests that the different current flows make it possible not only to configure independently the coupling coefficients for the lower and upper passbands but also to suppress the generation of the IMD when the HTS-DBPF handles both passband signals.
Proposed HTS-DBPF

Resonator for proposed filter
Filter design
In general, it is difficult to set only one coupling coefficient for dual passbands in coupled DBRs. The DBR in Fig. 1 is, however, suitable for configuring different coupling coefficients (k Aij and k Bij ) for passbands A and B. This is because the DBR has different current flows (denoted by i odd and i even in Fig.  1 for the odd and even modes, respectively) on the short stub (denoted by d in Fig. 1 ) when the DBR resonates in the lower and upper passbands. The short stub length is one of the parameters that represent the design freedom of the coupling coefficients because parameter k A decreases with an increase in parameter k B when the short sides of the DBRs face each other. Reference [5] describes the relationship between the coupling coefficients for the lower passband and the upper passband. The HTS-DBPF has the center frequencies of 1.95/3.45 GHz, 0.33/0.12-dB passband ripples, and 2.0/3.9% (39/133 MHz) equal ripple BWs. The total length and width of the HTS-DBPF are 35.5 mm and 5.4 mm, respectively.
Filter fabrication and measured results
A four-pole Chebyshev HTS-DBPF with 2.0/3.9% BWs was newly fabricated in a manner described in [8] for the experimental investigation of the relationship between the operating temperature and PHC. The DBPF is formed on an Yttrium Barium Copper Oxide (YBCO) film deposited on a 0.5-mm-thick Magnesium Oxide (MgO) substrate. Fig. 2 shows the frequency responses of the fabricated HTS-DBPF as well as the electromagnetic simulation results with the relative dielectric constant of 9.68 at the operating temperature of 50 K. The fabricated HTS-DBPF has two passbands, 2.0-and 3.5-GHz bands, as shown in Fig. 2 . Table 1 shows the major measured characteristics of the HTS-DBPF. These characteristics are almost the same as those described in [5] , which indicate that the fabrication procedure in [9] is reproducible. 
IMD measurement
Measurement system
IMD measurements were reported for HTS single-band BPFs [10] - [12] ; however, there has been little experimental discussion on the IMD characteristics of HTS-DBPFs except for [8] , to the best of our knowledge. Two-tone IMD measurement is employed for the first step to investigate the nonlinearity of the HTS-DBPF. References [13] and [14] show a schematic block diagram of two-tone IMD measurement system with a fundamental signal cancellation circuit for a single-band bandpass filter. Reference [8] describes in detail the schematic block diagram of a developed two-tone IMD measurement system with a fundamental signal cancellation circuit for each passband in order to evaluate nonlinear characteristics when two kinds of two-tone fundamental signals are input into each passband of the HTS-DBPF. This system measures the IMD without the nonlinear effect of the spectrum analyzer because two fundamental signals can be suppressed by more than 60 dB.
Measured IMD
The measured third-order IMD (IMD3) is evaluated on the basis of the third-order intercept (TOI) point, which is the virtual intersection of the two input-output power lines for the fundamental and the third-order intermodulation frequencies based on a log-log scale. Fig. 3(a) shows, for example, the measured IMD3 for each passband of the HTS-DBPF when two-tone fundamental signals are input into either the 2.0-or 3.5-GHz passband at 50 K. Fig. 3(b) shows the measured IMD3 for both passbands of the HTS-DPBF when the two kinds of two-tone fundamental signals are simultaneously input into each passband at 50 K. Fig. 4(a) show the operating temperature and the TOI, respectively. The figure indicates that each TOI for the 2.0-GHz band does not change depending on how signals are input into the passbands of the HTS-DBPF at 50 K, 60 K, and 70 K, which means that the HTS-DBPF can handle a constant input signal power in the 2.0-GHz band regardless of whether other signals are input into the 3.5-GHz band. In mobile communication system design, the HTS-DBPF is advantageous because there is no need to replace or redesign the filter depending on the intended use. Degradation in the TOI in the 2.0-GHz band is observed as the operating temperature increases from 50 K to 70 K. There is also no need to replace or redesign the filter depending on the temperature fluctuation if a mobile communication system is designed with a TOI at a conceivable temperature such as 70 K. Fig. 4(b) shows the temperature dependence of the TOI in the 3.5-GHz passband when the upper band signals are input to the 3.5-GHz passband and when the lower band and upper band signals are simultaneously input to each passband, respectively. The horizontal and vertical axes are the same as those in Fig. 4(a) . The TOI for the 3.5-GHz passband monotonically decreases when the upper band signals are input to the HTS-DBPF as the operating temperature increases from 50 K to 70K; however when the lower band and upper band signals are input to the HTS-DBPF, the TOI for the 3.5-GHz passband at 70 K is higher than that at 60 K. This may be because the two-tone IMD is multiplied by three-tone (1957.80-, 1957 .82-, and 3463.54-MHz, or 1957.80-, 1957.82-, and 3463.56-MHz) IMD and the amplitude of the measured IMD is determined by the phase relation between two-tone IMD and threetone IMD. If the same IMD is assumed for each passband, the PHC of the HTS-DBPF is defined by the TOI for 2.0 GHz. These results indicate that the PHC of the HTS-DBPF does not change even when the HTS-DBPF handles two passband signals at each measured temperature. 
Conclusion
This paper investigated the IMD of a CPW HTS-DBPF depending on the input signal power to the passbands and the operating temperature of the HTS-DBPF as the first step in evaluating its PHC. Experimental results indicate that the HTS-DBPF is effective in maintaining the IMD independent of how signals are input into the passbands and fluctuation in operation temperature of the HTS-DBPF. These characteristics facilitate mobile communication system design. Our next target is to elucidate the effective range of the HTS-DBPF using widely-separated signals or a modulated signal, and to investigate the nonlinearity of the HTS-DBPF when interference signals are input to its passband edges or stopbands.
